Transapical off-pump mitral valve repair (MVr) with NeoChord implantation has become widely applied in Europe for patients presenting with severe mitral regurgitation due to leaflet prolapse or flail. The procedure is performed under real-time 2D-and 3D-transesophageal echocardiography (TEE) for both implantation and neochordae tension adjustment allowing real-time monitoring of hemodynamic recovery.
Introduction
Surgical mitral valve repair (MVr) is considered the gold standard treatment for chronic severe degenerative m i t r a l r e g u r g i t a t i o n ( 1 ) . T h e u s e o f e x p a n d e d polytetrafluoroethylene (e-PTFE) sutures as artificial neochordae to resuspend the prolapsed or flail leaflet margin is a routinely performed technique used in conventional MVr repair strategies (2) . Transcatheter MVr technologies have lately emerged to offer an alternative option to conventional direct-access approaches for the treatment of high-risk surgical patients. Currently, the use of catheter-based MVr therapies has expanded to include low-and medium-risk patient groups with promising results (3) . The NeoChord Artificial Chordae Delivery System (NeoChord, Inc., St. Louis Park, MN, USA) allows placement of e-PTFE sutures as replacement neochordae on a beating heart without the need for cardiopulmonary bypass (CPB), while using 2D-and 3D-transesophageal echocardiography (TEE) guidance (3) (4) (5) (6) (7) (8) .
Operative techniques

Preparation
The NeoChord transcatheter mitral repair procedure is performed in a standard cardiac operating theatre suite. Optimal 2D-and 3D-TEE imaging units are mandatory for procedural navigation and real-time assessment of mitral regurgitation. The patient is placed under general anesthesia with single-lung ventilation, and positioned supine with a 30-degree right lateral rotation of the thorax to facilitate posterolateral left ventricular (LV) access. Heparin is given at a dose of 100 U/kg to achieve an activated clotting time of >300 seconds. A perfusionist with a primed CPB circuit is always present in the room on stand-by. The femoral artery and vein are prepared for cannulation with a Seldinger catheter wire in situ should the need for CPB cannulation arise.
Exposure
A standard left lateral mini-thoracotomy is performed at the fifth intercostal space to access the LV apex ( Figure 1) . Selective left lung exclusion can be a useful maneuver to improve access to the posterolateral wall of the LV. Pericardial stitches and an intra-pericardial soft tissue retractor are placed to improve exposure and reduce the risk of traction injury. The LV access site is confirmed by 2D-TEE imaging using gentle digital palpation approximately two to three centimeters lateral from the true LV apex. Additionally, identification of the last diagonal coronary artery branch is a useful reference landmark. Simultaneous multi-plane or 'X-plane' imaging is obtained from the mid-esophageal long-axis (ME LAX) and mitral commissural (MC) views. Correct localization of the ideal entry site allows the surgeon to safely navigate the NeoChord device toward the mitral valve while maintaining a correct alignment between the papillary muscles without interfering with the native subvalvular apparatus (5-9).
Operation
Two concentric, round purse-string sutures with opposite closure points are placed using large custom-made, rectangular Teflon pledgets and 2-0 non-absorbable suture. A transapical ventriculotomy is performed with an 11-blade scalpel incision and then slightly dilated with a long straight clamp. Alternatively, a Seldinger technique with progressive dilators can be used to access the LV. Once the NeoChord device enters the LV cavity, the apical purse-strings are gently tightened to minimize blood leakage and facilitate device insertion (Figure 2) .
The NeoChord device is directed towards the mitral valve plane using 2D-TEE guidance (X-plane with ME LAX and MC views) avoiding interference with adjacent subvalvular structures. During 2D-TEE guidance, use of the posterior mitral leaflet as a reference point to generate the corresponding bi-planar view is recommended (Figure 3) . When using echocardiographic guidance to navigate and maneuver the NeoChord device, the surgeon should always be aware that the lateral and medial movements of the device seen on imaging are always 'opposite' to the actual physical movements of the device. Most importantly, movement of the NeoChord device must always be performed in the native chordae-free zone of the LV, which is below the level of the papillary muscle tips. It is not recommended to perform any anteroposterior or mediolateral translations of the device in the proximity of the annular plane of the mitral valve ( Figure 4) .
Progression from the LV toward the MV is performed by advancing the NeoChord device into the thorax perpendicular to the dome of the posterior leaflet and MV annular plane ( Figure 5 ). Simultaneous X-plane visualization of the NeoChord device tip is essential during navigation inside the LV cavity (Figures 6-8) . While in the LV cavity, once the device tip has reached the posterior mitral leaflet, the surgeon should gently advance the device while simultaneously lowering the tail (or end) of the device, which will allow the tip to slide over the anterior leaflet surface plane and facilitate device advancement across the MV annular plane and into the left atrium.
Once the MV annular plane has been crossed, the TEE imaging mode should be switched from 2D to full 3D imaging, using a surgical or en face view of the mitral valve to demonstrate the tip of the device and to visualize movement of the device tip towards the target mitral leaflet segment. Presence of any device resistance or the appearance of any unnatural movement of the mitral leaflets during echocardiographic guidance may suggest an unsuccessful device crossing of the annular plane and the maneuver should be aborted and repeated. When an appropriate position has been achieved, the jaws of the NeoChord device are opened and the leaflet edge is gently grasped by withdrawing the device slowly away from the left atrium ( Figure 9 ). Complete, secure leaflet capture is observed when the jaws of the device are closed on the leaflet tissue and all four light indicators on the fiberoptic display monitor turn from red to white (Figure 10) .
Once the leaflet capture is confirmed, the surgeon should maintain a firm hold of the instrument and slowly push the device needle forward to advance it through the leaflet segment ( Figure 11 ). Once the needle has been advanced, it is then retracted with a smooth continuous motion to pull the loop of the suture through the leaflet and eventually exit through the proximal tip near the device handle ( Figure 12 ). Once the suture loop has been retrieved from the device, 
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Chordal-free zone the apical purse string sutures are loosened and the NeoChord device is retracted from the ventricle with the jaws open ( Figure 13) . Following retrieval of the device from the LV, the two ends of the suture will be visualized and placed through the suture loop to form a girth hitch knot, which is advanced to the free edge of the captured leaflet while the two ends remain outside the chest for final fixation on the apex (Figures 14,15) . Once the retrieval is complete, the apical purse-strings are temporarily re-tightened. The device is re-loaded with a new suture and the procedure is repeated until enough neochordae have been implanted to achieve the desired level of valve competence and subsequent reduction in regurgitation (Figure 16) .
When the desired number of neochordae have been placed, the apical purse-strings are tied. A French-eye needle is used to pass all the neochordae through a round pledget which is fixed with a 4-0 Prolene suture over the ventriculotomy and tourniquets are placed over each of the neochordae. The respective length of each NeoChord is then adjusted to achieve optimal leaflet apposition with the lowest degree of mitral regurgitation. In order to establish the desired degree of leaflet coaptation, rightangle atraumatic forceps are placed below each tourniquet and secured on each NeoChord. During this process, it is important to ensure over-tension of the artificial chordae to prevent recurrent MR as the major LV axis dimension decreases (apex to base) during reverse remodeling following correction of the MR. Once the length of the © Annals of Cardiothoracic Surgery. All rights reserved. Ann Cardiothorac Surg 2018;7(6):812-820 www.annalscts.com neochordae is adjusted, each NeoChord is securely tied to the epicardial pledget. Following partial closure of the pericardium, a pleural drain is inserted and the minithoracotomy is closed in layers, in standard fashion.
Comments
To date, the NeoChord procedure has been successfully performed in over 1,000 patients in Europe and the USA respectively (unpublished data). Since its first application (10) , the NeoChord technology has demonstrated excellent outcomes in reducing mitral regurgitation in eligible patients with chronic severe degenerative mitral regurgitation (4, (11) (12) (13) (14) . In the United States, the NeoChord technology has received investigational device exemption (IDE) approval from the United States Food and Drug Administration (FDA) and subjects are being enrolled in a prospective, multicenter, randomized controlled clinical trial comparing the NeoChord procedure with conventional surgical MV repair (ClinicalTrials.gov NCT02803957). In Europe, a multicenter study recently reported excellent procedural success rates, including 96.7% of patients demonstrating mild or reduced residual mitral regurgitation postoperatively, 98%±1% one-year survival and freedom from composite endpoints of 84%±2.5% (11) . Furthermore, a critical analysis of the procedure-operator performance (quality control) during the 'learning curve' period using cumulative sums charts, showed a sharp decrease in the actual probability of failure to ≤10% after 49 cases performed and to 5% after ≥81 cases, with use of an acceptable adverse event rate threshold of 5%, well below the 10-15% rate used in published literature (15, 16) . This demonstrates a relatively short learning curve required to achieve expertise in performing the NeoChord procedure safely and successfully. These rates, nonetheless, are still subject to continuous improvement mainly due to ongoing procedural improvements and standardization (12, 17) .
Currently and despite the disciplined selection process based on clear inclusion and exclusion criteria, there is little equipoise in the definition of the ideal candidate for the NeoChord procedure. In our series of patients, we have observed that MVr using the NeoChord procedure is a feasible alternative to conventional surgery for the subset of patients in the early stages of disease, when the lesions responsible for the mechanism of mitral regurgitation are limited to the mitral leaflets and/or chordae tendinae, including elongation or rupture, and do not include mitral annular or LV cavity dilatation. MVr with the NeoChord procedure has been shown to provide incremental benefit for the acute volumetric reduction of the left ventricle and atrium in this patient population, followed by the concomitant improvement in MV geometry immediately following trans-apical replacement of ruptured or elongated chordae with the NeoChord technology. These observations have been sustained in late follow-up periods (17) (18) (19) .
In addition, in our series of patients, we have observed that the leaflet-to-annulus index (LAI) is helpful in predicting the amount of leaflet tissue that will yield post- procedure coaptation and significantly correlates with at most mild residual mitral regurgitation at one-year followup when the LAI is >1.2 (17) . As recently reported, patients with a lower LAI (1.1 to 1.2) presenting with isolated central (P2) segment disease, might also undergo a successful MVr with the NeoChord procedure when associated with more anterior ventricular access (19) (20) (21) . Ventricular access which is more anterior will modify the working angle of the posterior leaflet, stretching it below the anterior leaflet, and thereby increasing the potential leaflet coaptation. In patients with multi-segment posterior leaflet disease, special consideration must be given to the LV access site because of the potential for problematic interference between the native and placed artificial chords in the subvalvular apparatus. Of note, the proposed application of LAI may be restricted by regional anatomical limitations.
Finally, we have observed that MV morphology is a consideration affecting residual mitral regurgitation. As with conventional surgical MVr, patients presenting with isolated central posterior leaflet prolapse or flail (type A morphology), as well as posterior multi-segment involvement (type B), demonstrate better outcomes than those patients with more complex MV lesions, such as anterior leaflet (type C) and paracommissural or calcified leaflets (type D) (13, 14, 22, 23) . In our practice, patient selection criteria for MVr with the NeoChord procedure are well established and approximately 25-30% of patients presenting with degenerative mitral disease can be safely and effectively treated with the NeoChord procedure. In the future and with the rapidly expanding arena of catheter-based technologies for mitral repair, the combined application of multiple device therapies such as annuloplasty devices will increase the surgical armamentarium for MVr. There is potential for available strategies to be used synergistically with the NeoChord procedure, which may expand the pool of treatable patients to include those with more complex mitral pathology (24) .
